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The goal of this study is to explore the influence of ice particle habit (or shape) and
surface roughness on the scattering phase matrix. As an example, reported here are the
results for two wavelengths: 0.67 and 1.61 um. For this effort, a database of single-
scattering properties has been computed for a set of habits including hexagonal plates,
hollow and solid columns, hollow and solid 3D bullet rosettes, droxtals, aggregates of
solid columns, and aggregates of plates. The database provides properties for each of

Keywords: the habits at 101 wavelengths between 0.45 and 2.24 pm for smooth, moderately
:fel nysﬁ‘lsﬂ roughened, and severely roughened particles. At each wavelength, the scattering
Sgaitrézrfngre ectance properties are provided at 233 discrete particle diameters ranging from 2 to 10,000 pm.

Radiative transfer A single particle size distribution from a very cold ice cloud sampled during the
Clouds CRYSTAL-FACE field campaign (T.q=-76 °C) is used to illustrate the influence of habit
and roughness on the phase matrix. In all, four different habit mixtures are evaluated.
The nonzero elements of the phase matrix are shown to be quite sensitive to the
assumed habit, particularly in the case of —P;,/P;; that is associated with the degree of
linear polarization of scattered radiation. Surface roughness is shown to smooth out
maxima in the scattering phase function and in the other elements of the phase matrix,
consistent with other studies. To compare with the theoretical simulations of the phase
matrix for smooth and roughened particles, a full year of cloud-aerosol lidar with
orthogonal polarization (CALIOP) data from 2008 is analyzed to provide global statistics
on the values of P;; and P,,/P;; in the backscattering direction. In a comparison of two
of the habit mixtures (one used for MODIS Collection 5 and another that incorporates
new habits including hollow bullet rosettes and aggregates of plates) with the CALIOP
data, the values for Py are higher regardless of the degree of particle surface roughness,
and the values for P,,/P;; are lower than those for CALIOP. Further investigation is
warranted to better understand this discrepancy.
© 2010 Elsevier Ltd. All rights reserved.

1. Introduction imaging spectroradiometer (MODIS), particular attention

has been focused on the development of the bulk

The wealth of data available from both the A-Train and
geostationary satellite platforms provides a unique op-
portunity to perform detailed analyses of ice clouds using
both active and passive remote sensing techniques. For
studies of ice clouds based on the moderate resolution
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scattering and absorption models that are used to build
static look-up tables (LUTs) of reflection/transmission
characteristics [1,2]. These LUTs are essential to the global
retrievals of cloud optical thickness and effective particle
size. The radiative characteristics of ice clouds also have a
dependence on the ice habits [3]. Solar spectral observa-
tions have been used in a variety of studies to determine
cloud properties [4,5]. Differences in global cloud pro-
ducts obtained with the updated scattering models


www.elsevier.com/locate/jqsrt
dx.doi.org/10.1016/j.jqsrt.2010.07.008
mailto:bryan.baum@ssec.wisc.edu
dx.doi.org/10.1029/2007GL029584.3d
dx.doi.org/10.1029/2007GL029584.3d

B.A. Baum et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 111 (2010) 2534-2549 2535

between collections 4 and 5 are detailed in Yang et al. [6].
However, the ice particles used to date have smooth facets
that have strong angular features in the scattering phase
functions at visible and shortwave infrared (SWIR)
wavelengths (e.g., maxima at forward scattering angles
of 22° and 46° as well as in the backscattering at 156° and
180°). Zhang et al. [7] show that a seasonal component
can be introduced into the products if the assumed
scattering phase function has pronounced angular fea-
tures such as those produced with smooth particles.

The question we are beginning to address, based on
our evaluation of the MODIS ice cloud products, concerns
a fundamental property of the ice habits used to develop
the LUTs involved in the operational retrievals: whether
to assume the ice particles have smooth or roughened
facets. The occurrence of halos and sundogs in cirrus
suggests the presence of some relatively smooth faceted
particles. In the geometric optics limit, the polarization
state of a reflected ray depends on the incidence angle and
reaches 100% at the Brewster angle [8], at which there is
no reflection for the electric field component parallel to
the incident plane. Particles with rough surfaces tend to
depolarize the radiation beam because the random
orientations of the small facets on the roughened surface
reduce the chance for rays to undergo polarized reflection
associated with the Brewster angle.

Both theoretical and laboratory studies of ice particles
[9-12] show the influence of roughening on polarization
properties. The assumption of surface roughness also
influences the interpretation of lidar depolarization
measurements, since the lidar backscatter decreases with
increasing roughness. The roughness also impacts an
assumption of the amount of forward scattering in a lidar
beam, which is necessary for determining the extinction
in the column being measured. In a larger context, the
assumption of whether ice particles should be smooth or
roughened actually has implications for understanding
of global ice cloud properties and their influence
on the radiation budget, and can impact cloud climatol-
ogies in subtle ways that we are only now beginning
to appreciate.

If it is determined that roughened particles are more
appropriate for global cloud retrieval efforts, how much
roughening should be applied in the scattering calcula-
tions for individual particles? The key to understanding
how to better incorporate some amount of ice particle
roughness in the LUTs may be provided by the measure-
ments of the polarization of single scattering events. The
polarization and directionality of the Earth reflectance
(POLDER) instrument, which has flown on ADEOS-1/-2
and PARASOL, has polarization capability in three visible/
shortwave-infrared (VIS/SWIR) spectral channels at up to
14 viewing angles, with resulting scattering angles
between 60° and 180° (depending on region and time of
year). The POLDER observations contain a wealth of
information about cloud properties [13-16]. A global
aggregation of ice cloud polarization as a function of
scattering angle suggested that a relatively smooth phase
function is consistent with global observations [17].
Zhang et al. [7] investigated the impact of the phase
function on the global derivation of ice cloud optical

thickness in a study based on MODIS and POLDER
analyses. As expected, optical thickness retrievals can
differ substantially depending on the assumed ice scatter-
ing phase functions. The optical thicknesses inferred from
POLDER were lower than those obtained from MODIS.
Further investigation suggested that this difference could
be caused by the assumption of an inhomogeneous ice
model (IHM; [17]) for POLDER that has a lower value of
the asymmetry parameter g than that obtained from the
smooth ice particle models used by MODIS.

Section 2 provides information and background on the
data and models. Section 3 provides the phase matrix
properties obtained from integration over a given particle
size and habit distribution. Section 4 provides analysis of a
full year of data (2008) from the cloud-aerosol lidar with
orthogonal polarization (CALIOP) on the cloud-aerosol
lidar and infrared pathfinder satellite observation (CALIP-
SO) satellite platform. The study is summarized in
Section 5.

2. Data and models
2.1. Single-scattering properties

Previous calculations of the single-scattering proper-
ties for individual ice particles have been reported for
hollow and solid columns, hexagonal plates, 3D solid
bullet rosettes, and aggregates of solid columns [18,19].
Recently, a bullet rosette with hollow structures was
developed [20]. Bi et al. [21] summarize a number of
improvements that have become available for light
scattering calculations with regards to the use of the
improved geometric optics method (IGOM). The Collec-
tion 5 MODIS models [2] contained a delta-transmission
term that accounted for the energy associated with rays
that pass through two opposing (flat) facets of a
hexagonal ice particle without scattering. However, this
is an artifact of the treatment of forward scattering in the
numerical implementation of the IGOM. A new treatment
of ray spreading has been incorporated for forward
scattering that now obviates the delta-transmission term
[21]. Other improvements to the scattering calculations
now result in more consistent efficiency factors from
small to large size parameters (x=27r/4, where r is radius
and 1 is wavelength) and more detail in the scattering
phase function at backscattering angles. The discretization
of the particle size has been increased with the new
simulations. Yang et al. [22] discuss the treatment of
surface roughness for light scattering calculations invol-
ving solid columns. Basically, surface roughness is treated
by assuming that a particle surface is composed of small
facets that can be randomly tilted, and subsequently
sampled for different realizations whereupon the amount
of tilt follows a Gaussian distribution. The root-mean-
square tilt ¢ is given by =0 for smooth particles, =0.03
for moderately roughened particles and ¢=0.5 for
severely roughened particles. Finally, the new single-
scattering property computations are based on the ice
refractive index reported by Warren and Brandt [23].
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For the computations reported in this study, a database
of single-scattering properties was prepared for droxtals,
hollow and solid columns, hollow and solid bullet
rosettes, and aggregates of columns. Additionally, two
new habits are included for the first time, consisting of a
“small” aggregate of plates consisting of five plates, and a
“large” aggregate of plates that have more plates in the
particle. The guidance being followed is that no individual
plate can grow to more than 500 pm in an aggregate. The
small aggregate of plates is used for particles having
Dmax < 1250 um, while the large aggregate of plates is
used for particles having Dpax > 800 pum.

2.2. Mueller matrix

The development of an algorithm for retrieving ice
cloud properties from polarimetric measurements re-
quires a polarized (or vector) radiative transfer (RT)
model [24] that accounts for the Stokes parameters. In
principle, the Stokes parameters observed by a sensor can
be expressed as follows:

Is M1y Miz Miz Mg | |

Q| |Mai My My Mo | |Q )
Us | |Ms; Ms; Mss Msg || Ui’

Vs My Mg Mgz My | | Vi

where (I;, Q;, U;, Vi) and (Is, Qs, Us, Vi) are the incident and
scattered Stokes parameters, respectively. The matrix
[M;;] is called the effective Mueller matrix [25]. In the
case of radiative transfer involving ice clouds, the effective
Mueller matrix contains a wealth of information for
retrieving ice cloud properties. The sensitivity of the
Mueller matrix to particle shape has been studied [26],
but the influence of particle roughening on the Mueller
matrix has not been adequately explored.

An imager such as MODIS provides only the intensity of
the radiation field (M;;) from a field of scattering particles.
As demonstrated by Kattawar and Rakovic [25], the phase
matrix element M is the least sensitive to small changes in
particle morphology (i.e., particle size and shape) and
dielectric properties (i.e., the refractive index). The short-
coming of a retrieval approach based on the intensity
component alone was discussed for the case of aerosols [27].

Natural sunlight is unpolarized, that is, (I;, Q;, U;, V;)=(I;
0, 0, 0). Polarimetric sensors such as POLDER observe
intensity and linear polarization, i.e., the first three Stokes
parameters (I, Q and U). For such a sensor, it is apparent
from Eq. (1) that only the M;;, M and M3, elements of
the effective Mueller matrix can be obtained from the
Stokes parameters. More insight into ice particle rough-
ening may be gained by fully understanding the informa-
tion contained in the M,; and M3, elements in addition to
the information content in M.

2.3. CALIOP data

On the cloud-aerosol lidar and infrared pathfinder
satellite observation (CALIPSO) satellite platform, there is
a nadir-viewing lidar called the cloud-aerosol lidar with
orthogonal polarization (CALIOP). CALIOP takes data at

532 and 1064 nm, and the former channel provides
information on both the P;; and P,,/P;; components of
the phase matrix. CALIPSO flies information with NASA'’s
Earth Observation System Aqua platform and is part of the
A-Train suite of sensors.

3. Phase matrix obtained from integration over particle
size and habit distribution

In this section, the phase matrix is calculated at two
wavelengths, 0.67 and 1.61 um, by integrating the
individual ice habit scattering properties over a single
particle size distribution (PSD) but for four different
assumed habit distributions. The three habit distributions
are for (1) a combination of droxtals (for only the smallest
particles in a given PSD) and solid columns, (2) a mixture
of droxtals (small particles only) and hollow bullet
rosettes, (3) the habit mixture used for MODIS collection
5 ice clouds, and (4) a new habit mixture under
development that incorporates the new particle habits.

The MODIS Collection 5 (henceforth C5) habit distribu-
tion is as follows: Dpa.x <60 pum, 100% droxtals; 60 <
Dmax < 1000 pm, 15% 3D bullet rosettes, 50% solid columns,
35% plates; 1000 < Dpax <2000 pm, 45% hollow columns,
45% solid columns, 10% aggregates; and Dp.x > 2000 pm,
97% 3D bullet rosettes, 3% aggregates. Neither the hollow
bullet rosette particle nor the aggregate of plates particle
was available at the time this habit distribution was derived.
However, a new habit distribution, shown in Fig. 1, is under
development that includes three new habits: hollow bullet
rosettes, and a “small” and “large” aggregate of plates. The
“small” aggregate of plates is composed of five individual
plates and is used to represent particles having a maximum
dimension of less than about 1200 pm in maximum
dimension. The “large” aggregate of plates is composed of
more individual plates, and is used to represent particles
from 800 to 10,000 pm in maximum dimension. With the
new habit distribution, the percentages of each ice habit
vary smoothly with size rather than having discontinuous
jumps as with the C5 distribution.

The PSD is described by a gamma distribution [28] of
the form:

N(Dmax) = NoDlaxe P )

where Dp,ax is the particle maximum dimension, n(D) is
the particle concentration per unit volume, Ny is the
intercept, A is the slope, and u is the dispersion. Fig. 2
shows the PSD chosen for illustrative purposes. This
particular PSD is from extremely cold cirrus (T¢q=—76 °C)
sampled during the CRYSTAL-FACE field campaign and

has gamma coefficients as follows: Np=0.44,
/=3667 cm~', and u=—0.57.
The effective diameter Dy is defined as
3301 [ Jom VaD)n(h. Dy (D)D)
eff = (3)

Dmin

250 [ Annch. D)D)

where V(D) is the volume of the particle for habit h, A,(D)
is the projected area of an ice particle for a given habit,
fn(D) is the ice particle habit fraction for habit h, M is the
number of habits, D is particle size, and n(D) is the particle
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Fig. 2. Particle size distribution from cirrus at T¢jg= —76 °C during the
CRYSTAL-FACE field campaign.

density. The habit fraction is defined so that for each size
bin,

M
> fuDy=1. 4)

h=1

The phase matrix obtained by integrating over a PSD at
a given wavelength is given by

e [S2H_ 1 Py h(©.D)sca, D)y (D) | n(D)dD

P;(O) = '
’ . [Iirr?i?lx [Zth 1 Usca-h(D)fh(D)] n(D)dD

€)]
where Pj n(D) is the phase matrix component and s,
n(D) is the scattering cross section for each of the ice
particle habits.

For the PSD in Fig. 2, results are provided in Figs. 3
(4=0.67 pm) and 4 (2=1.61 pum) for a habit mixture defined
as a combination of droxtals for ice particles having
Dmax <20 pum and solid columns for larger particles. For
this PSD and habit mixture, the Dy is 43 pm. We note that
solid columns have a higher volume per particle than either
solid bullet rosettes or hollow columns, so use of solid
columns will result in higher values of Dy than for habit
mixtures that use less dense particles. Each panel in these
figures shows results based on a mixture of smooth particles
(solid line), moderately roughened particles (dashed line), or
severely roughened particles (dotted line). Fig. 3 shows that
for smooth particles in the P;; component, maxima are found
at forward scattering angles, such as the peak at ©@=22°, as
well as at backscattering angles, such as at @=150° and
180°. The asymmetry parameter at 2=0.67 pm for smooth,
moderately roughened, and severely roughened particles is
0.7889, 0. 7850, and 0.7724, respectively. The difference
between smooth and moderately roughened particles is not
large, and this may be due in part to the use of a PSD from a
very cold cloud so that there are no particles larger than
about 200 pm. However, the asymmetry parameter is
reduced more for severely roughened particles.

The (—P;/P;1) component is known as the degree of
linear polarization of natural (i.e., non-polarized) incident
light [29]. Inspection of this component in Figs. 3 and 4
indicates that the degree of linear polarization can have both
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Fig. 3. Phase matrix for the PSD in Fig. 2, but assuming droxtals for the smallest particles (Dmax <20 pm) and solid columns for larger particles. The
wavelength is 0.67 um and the Dy is 43 um. The values of the asymmetry parameter for smooth, moderately roughened, and severely roughened

particles are 0.7889, 0. 7850, and 0.7724, respectively.

positive and negative values. External reflections result in
positive polarization values whereas internal reflections have
negative values. The inclusion of surface roughening tends to
smooth out the peaks, leading to smoother phase matrix
components. In both Figs. 3 and 4, it is interesting to note that
between ®=120° and 140°, there is an increase in the degree
of linear polarization for smooth particles, which is an
indication of an increase in external reflection.

The P,,/P;; component is also of interest in this study
because measurements are available at @=180° by

CALIOP, and is discussed further in Section 4. For spherical
particles, P11=P55 so that P22/P11=1. The term P22/P11
will depart from a value of 1 as the nonsphericity
of the particles increases, and is thus referred to as an
indicator of “particle nonsphericity” [29]. Inspection of
Figs. 3 and 4 for this component shows that the value
of P,,/P;; has some sensitivity to particle roughening
at the backscattering angle. While the difference in
the value of P,/P;; is not large for smooth versus
moderately roughened particles, the difference between
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Fig. 4. Same as for Fig. 3 but at a wavelength of 1.61 um. The values of the asymmetry parameter for smooth, moderately roughened, and severely

roughened particles are 0.8147, 0.8069, and 0.7951, respectively.

smooth and severely roughened particles is more pro-
nounced.

Figs. 5 (A=0.67 um) and 6 (1=1.61 pm) show results
based on the use of a combination of droxtals for ice
particles (Dpmax <20 pm) and hollow bullet rosettes for
larger particles. The D for this habit distribution is only
16 pm and is much lower than that for solid columns
because hollow bullet rosettes have a much lower volume
as a function of particle size than solid columns. For
smooth particles, Fig. 5 indicates the presence of two
halos in the P;; component at forward scattering angles

(©=10° and 22°) but not at @ =46°. It is also interesting to
note that there is no enhancement in the side or
backscattering directions, i.e., at @=150° or 180°. These
figures indicate that particle habit can exert a strong
influence on the amount of backscattering, with features
that show up in the degree of linear polarization. In Fig. 6,
there is only one halo apparent in the P;; component
at ©@=22°; the rest of the phase function is fairly
smooth. Again, particle roughening smooths out the
features in the various phase matrix components. The
values of the asymmetry parameter at A=0.67 um for
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smooth, moderately roughened, and severely roughened
particles are 0.7992, 0.8000, and 0.7703, respectively.
As with the previous case assuming solid columns, the
asymmetry parameter for smooth and moderately
roughened particles is quite similar, but is noticeably
lower when the particles are severely roughened.

Fig. 7 shows the phase matrix computed at a wavelength
of 0.67 pum for the chosen PSD using the MODIS Collection 5
habit distribution [1]. The C5 habit distribution does not
include either hollow bullet rosettes or small/large aggregates

of plates. The Deg for this habit distribution is 40 pm. In the
P;; component for smooth particles, there are several
maxima notable at forward scattering angles (®@=10°, 22°,
and 46°), as well as at approximately @=150° and at back-
scattering (®=180°). The enhancement at backscattering
seems to be a result of the use of such a high percentage of
pristine particles such as solid columns and plates. The
asymmetry parameter at 1=0.67 pm for smooth, moderately
roughened, and severely roughened particles is 0.8078,
0.8003, and 0.7630, respectively.
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Fig. 6. Same as for Fig. 5 but at a wavelength of 1.61 um. The values of the asymmetry parameter for smooth, moderately roughened, and severely

roughened particles are 0.8103, 0.8097, and 0.7807, respectively.

Fig. 8 shows similar results but at a wavelength of
1.61 pm. The absorption within the various ice particles is
higher at this wavelength and this acts to reduce the
magnitude of the maxima in the P;; component at ©@=22°,
and 46°; the halo at ®=10° is no longer apparent. For both
Figs. 7 and 8, the P,,/P;; component at backscattering
indicates that there are differences between smooth,
moderately roughened, and severely roughened particles.

Figs. 9 (4=0.67 um) and 10 (4=1.61 um) show the
phase matrix computed for the chosen PSD using the new
habit distribution (Fig. 1b). Compared to the results in

Figs. 7 and 8 for the C5 habit distribution, these results
display some interesting differences. Most notably, the
inclusion of the hollow bullet rosette particle has dam-
pened the backscattering component (®=180°) of the Py,
component. The values of the asymmetry parameter at
4=0.67 pnm for smooth, moderately roughened, and
severely roughened particles are 0.8078, 0.8003, and
0.7630, respectively, which are quite similar to those
determined using the C5 habit mixture. As with our previous
results, there are differences between smooth, moderately
roughened, and severely roughened particles in the Py/P;q
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Fig. 7. Phase matrix for the PSD in Fig. 2, using the MODIS Collection 5 (C5) habit distribution. The wavelength is 0.67 um and the D is 40 um. The
values of the asymmetry parameter for smooth, moderately roughened, and severely roughened particles are 0.8077, 0.7999, and 0.7613, respectively.

component at @ =180° regardless of the habit mixture used,
indicating that there is sensitivity to both habit and
roughness at this angle. This is significant since it provides
an opportunity to gain further insight through comparison
with depolarization lidar measurements.

Fig. 11 shows a polar plot of the individual Mueller
matrix components for smooth and roughened ice
particles for the PSD shown in Fig. 2, for an assumed
habit distribution given by MODIS Collection 5, a
wavelength of 0.67 um, a solar zenith angle of 24°, and
an ice cloud optical thickness of 1. For these polar plots,

the radius from the center denotes the view zenith angle
(nadir in the center, increasing to 90° at the outer
boundary of the polar plot), while the relative azimuth
angle rotates through 360°, with 0° as the forward
scattering angle. What is immediately evident is that the
elements of the Mueller matrix are sensitive to the
roughness of the ice particles, including the Mj;/Mi;
component. Based on these calculations, space-based
polarization measurements will be very useful for
determining how much roughness naturally occurring
ice particles have in different climatic regimes and under
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Fig. 8. Same as for Fig. 7 but at a wavelength of 1.61 um. The values of the asymmetry parameter for smooth, moderately roughened, and severely

roughened particles are 0.8258, 0.8176, and 0.7830, respectively.

different dynamical conditions, such as synoptic and
tropical anvil cirrus.

4. Phase components obtained from CALIOP data

Over the course of a year, CALIOP data can provide
global statistics of Py; and P,,/P;; at ®=180°, which
from the previous analyses is noted to be one of the
angles that is most sensitive to crystal habit and surface
roughness. P17 can be estimated from the layer integrated

attenuated backscatter (y’) of ice clouds that are
optically thick, defined here as having an optical thickness
(t) greater than 3. P;; can also be estimated from 9’
for ice clouds that are optically thin when the lidar
two-way transmittance of the cloud layer can be
estimated from the molecular backscatter below
the cloud layer. A full description of the equations
governing the interpretation of lidar measurements
is provided in [30,31]. The relationship between
y" and the backscatter to extinction ratio, and hence
to the normalized scattering phase function at 180°, is
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Fig. 9. Phase matrix for the PSD in Fig. 2, using a new habit distribution that includes new habits such as the hollow bullet rosette and aggregate of plates.
The wavelength is 0.67 um and the D is 43 pum. The values of the asymmetry parameter for smooth, moderately roughened, and severely roughened

particles are 0.8078, 0.8003, and 0.7630, respectively.

given by

2ny’

Pri=2rm 1—exp(—2n7)

~2my’ (6)
assuming that the multiple scattering factor (#) has a value
of 0.5 and 7 > 3. The linear depolarization ratio ¢ of lidar
backscatter can be estimated from the ratio of the
perpendicular backscatter to the parallel backscatter at a
given wavelength [32-34]. As discussed in [32], the
depolarization ratio associated with a single backscattering

event is given by
Py —P.
5o 1=

= —, 7
P11+P>; @)
which can be rearranged to provide P,,/P;; as follows:
Py  1-0
Py 140" ®

CALIOP actually measures the volume depolarization
ratio, and this includes the contributions from both
molecular and particulate backscatter. For optically thick
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Fig. 10. Phase matrix for the PSD shown in Fig. 2, using the new habit distribution shown in Fig. 1. The wavelength is 1.61 pm and the D is 43 pm. The
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ice clouds (extinction coefficient > 0.2 km~'), the volume
and particulate depolarization ratios are not significantly
different from each other. If the molecular backscatter is
assumed to be negligible for the 532-nm cross polariza-
tion and 1064-nm observations, and if the cloud particu-
late backscattering is further assumed to be equivalent
at both wavelengths, then the cloud particulate
depolarization ratio can be estimated as the ratio of the
perpendicular backscatter at 532 nm to the parallel
backscatter at 1064 nm. The errors in the particulate
depolarization ratio can be as high as 0.1 [34].

A full year (2008) of CALIOP layer-integrated cloud
backscatter data from the Version 2 5-km Level-2 cloud
product was analyzed to study the statistics of Py; and
P,/P11 at ©®=180°. A refined CALIOP cloud phase algorithm
[34] is applied to the Level-2 cloud backscatter data for
selecting opaque ice cloud layers with randomly oriented
particles. This cloud phase approach separates randomly
oriented ice particles from those that are horizontally
oriented, which is important since the horizontally oriented
ice particles have low depolarization and can thus be
confused with water clouds. The ice clouds analyzed in this
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Fig. 11. Comparison of the individual Mueller matrix components for smooth and roughened ice particles using the MODIS C5 habit distribution.
Calculations are performed assuming the PSD shown in Fig. 2 at a wavelength of 0.67 pum, a solar zenith angle of 24°, and an ice cloud optical thickness of
1. Note that the values of the M,,/M;1 component at backscattering angles are very sensitive to particle roughening.

study are composed solely of randomly oriented particles
with high confidence. Ice clouds that show any sign of
horizontal orientation are removed since they may con-
taminate the P;; and P,, statistics.

For ice clouds that are both opaque to CALIOP and
consisting of randomly oriented particles, Fig. 12 provides
the histogram of the temperature dependence of P;; and
P,/P11. The color represents the frequency of occurrence
in logarithmic scale (log;o). The cloud temperature in this
study is the GEOS-5 air temperature at the mid-layer
cloud altitude from the lidar measurement. Fig. 12 shows
that the values of P;; for most ice clouds range between
0.15 and 0.2 and are relatively insensitive to mid-layer
cloud temperature. In contrast, the values of P,,/P;; range
between 0.35 and 0.6 and show a strong correlation
with cloud temperature. The depolarization ratios
decrease as the cloud temperature increases, and thus

Py»/Pq1 values for warmer ice clouds are higher than for
colder clouds.

The results in Fig. 13 suggest that there is some
geographical dependence of the Py; and P,,/P;; values.
Mean P values range between 0.18 and 0.2 for ocean and
are slightly higher over land (0.21). At higher latitudes,
the mean P;; values varies more, ranging between 0.15
and 0.25. Mean P,;,/P;; values range between 0.4 and 0.5.
The mean P,,/P;; values are higher in storm track regions
(0.48) then in the lower latitudes (0.42). Histograms of the
mean values of P;; and P,,/P;; are provided in Fig. 14.

For comparison with the MODIS C5 habit distribution,
the values of Py; at @=180° are 0.55 (smooth), 0.24
(moderately rough), and 0.28 (severely roughened). At
©®=180° the values of P,y/P;; are 0.4 (smooth), 0.37
(moderately rough), and 0.34 (severely roughened). For
the new habit distribution, the values of P;; at @=180°
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Fig. 12. Based on global CALIOP data from 2008 (Version 2, 5-km product), histograms provide the temperature dependence of (a) P;; and (b) P,,/P;; at
the backscattering angle @ =180°. The P;; component is derived from the layer-integrated attenuated backscatter. The P,,/P;; component is derived from
the depolarization ratio and provides an indication of particle nonsphericity, where for spherical particles P,,/P;1=1. There seems to be very little
dependence of P;; on temperature, while P,;/P;; is strongly temperature dependent. The color is in log;o scale.

are 0.34 (smooth), 0.29 (moderately rough), and 0.33
(severely roughened), and for P,,/P;; are 0.4 (smooth),
0.34 (moderately rough), and 0.33 (severely roughened).
In comparison with the CALIOP analysis, both the C5 and
new habit distribution values for P;, are higher no matter
what roughness is assumed, but the values for P,,/P;; are
lower than those for CALIOP. Further assessment of the
assumptions that are used for CALIOP data reduction
might shed additional insight as to the differences. Only
randomly oriented ice particles are used in the analysis of
CALIOP data, and the data are filtered to consider ice
clouds at Tq < —40 °C. Further investigation is warranted
to understand this discrepancy more fully.

5. Summary

This study explores the influence of ice particle habit
(or shape) and surface roughness on the scattering phase
matrix at two wavelengths: 0.67 and 1.61 um. For this
effort, a database of single-scattering properties has been
computed for a set of habits including hexagonal plates,
hollow and solid columns, hollow and solid 3D bullet
rosettes, droxtals, and aggregates of solid columns. The
database provides properties for each of the habits
between 0.45 and 2.24pum for smooth, moderately

roughened, and severely roughened particles. One aspect
of the single-scattering properties is different from that of
previous studies: a new treatment of the forward
scattering has been implemented in the scattering
calculations that results in the removal of a delta-
transmission term at solar wavelengths. At each wave-
length, the scattering properties are provided at 233
discrete particle diameters ranging from 2 to 10,000 pm.

In synoptic and convective ice clouds, particles tend to
be present over a range of sizes rather than a monodis-
tribution of a single size (with exceptions being jet contrails
and wave clouds). A single particle size distribution from a
very cold ice cloud sampled during the CRYSTAL-FACE field
campaign (Teg=-76 °C) is used to illustrate the influence of
habit and roughness on the phase matrix. For a given
assumption of particle habits, the single-scattering proper-
ties are integrated over the size distribution to provide bulk
scattering properties. Droxtals are assumed for the very
smallest particles in a size distribution, while solid columns,
hollow bullet rosettes, or a habit mixture (following that
used in MODIS Collection 5 operational processing) are
used for larger particle sizes. Also explored is a new habit
distribution that includes the use of three new particles: a
hollow bullet rosette, a “small” aggregate of plates (no more
than 5 plates, each plate being no larger than 500 pm), and
a “large” aggregate of plates (consisting of more than 5
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Fig. 13. Global distributions of (a) P;; and (b) P»»/P1; based on a full year of global CALIOP data from 2008 (Version 2, 5-km product). For most of the
world, the values of P;; range between 0.18 and 0.2. The value of P,,/P;; may be slightly higher at some locations in the Arctic, but tends to range
between 0.4 and 0.5, with values at about 0.48 in the storm tracks.
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Fig. 14. Histogram of mean values for (a) P;; and (b) P»2/P1; based on a full year of global CALIOP data from 2008 (Version 2, 5-km product).

plates, but each plate can be no larger than 500 pm in of the phase matrix are shown to be quite sensitive to the
maximum dimension). assumed habit, especially the degree of linear polariza-
The full phase matrix is provided for four different tion. Surface roughness is shown to smooth out maxima

habit assumptions at the two wavelengths. All elements in the scattering phase function and in the other
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components of the phase matrix, consistent with other
studies.

To compare with the theoretical simulations of the phase
matrix for smooth and roughened particles, a full year of
CALIOP data from 2008 was analyzed to provide global
statistics on the values of Py; and P,,/Py;. In comparison
with the CALIOP analysis, the P;; values for both the C5 and
new habit distributions are higher no matter what particle
surface roughness is assumed, while the values for P,,/P;;
are slightly lower than those for CALIOP.

While important information provided by the depolar-
ization lidar, another critical piece of information can be
provided by space-based polarimetric data, which can
measure the —P,;/P;; component of the phase matrix.
Such polarimetric data have been available from POLDER.
While data from POLDER will be the topic of further study
using the scattering properties discussed in this study, the
advent of multi-angle, multi-wavelength polarimetric
data from a sensor like GLORY [35] will be even more
valuable for determining how much roughness to assume
for global analyses of ice clouds, for example.
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